A procedure was developed to separate ad partially purify two NAD(P)H dehydrogenases from the inner membrane of cauliflower (Brsica okrcca L.) mitochondria. The procedure used Triton X-100 extraction followed by (NH4)2SO4 precipitation and gel filtration (Sepharose G-200 column) chromatography. The first dehydrogenase fraction (which elated in the column void volume) was specific for NADH, was stimulated by KO addition, and MATERIALS AND METHODS Mitochondrial Isolation. Mitochondria were isolated from cauliflower essentially as described by Ikuma and Bonner (10). Both the grinding and wash media, however, were supplemented with 20 mm Hepes buffer (pH 7. 1).
The components of the mitochondrial electron transport system are similar in plant and animal systems (21) . However, plant mitochondria have the unique ability to oxidize NADH and NADPH via dehydrogenase(s) situated on the outer surface of the inner membrane (1, 14, 21, 22) . The oxidation ofexogenous NADH and NADPH is coupled to two phosphorylation sites and exhibits a lack of rotenone sensitivity (21) . The oxidation of exogenous pyridine nucleotides is sensitive to antimycin A, indicating that electrons from the external dehydrogenase(s) have a common pathway with electrons from endogenous NADH at the level of ubiquinone. Recent evidence indicates that there are two separate dehydrogenases on the outer surface of the inner mitochondrial membrane, one specific for NADH and the other for NADPH (1, 17) .
Plant mitochondria further oxidize endogenous NADH via dehydrogenase(s) located at the inner surface of the inner mitochondrial membrane (21) . Endogenous NADH oxidation by plant mitochondria has many ofthe characteristics ofthe animal system, for it is sensitive to rotenone, barbiturates, and piericidin A with noted exceptions (21, 22) . Endogenous NADH oxidation (via piericidin A-sensitive pathway) is coupled to the first site of ATP synthesis and, unlike the exogenous dehydrogenase, oxidizes NADPH at negligible rates.
There are numerous procedures to isolate NADH dehydrogenases from animal mitochondria (7) (8) (9) 23) and bacteria (2, 16, 25) . In contrast, procedures to isolate plant mitochondrial NADH dehydrogenases are limited (5) . The direct application of purification procedures for dehydrogenases from mammalian mitochondria to extract plant mitochondria dehydrogenases has not proven useful. Accordingly, we describe a procedure to isolate and separate two NAD(P)H dehydrogenase fractions from cauliflower mitochondria. The polypeptide composition, substrate specificity, pH optima, temperature stability, mercurial inhibition, salt sensitivity, electron acceptor characteristics, and EPR' spectra are discussed.
MATERIALS AND METHODS Mitochondrial Isolation. Mitochondria were isolated from cauliflower essentially as described by Ikuma and Bonner (10) . Both the grinding and wash media, however, were supplemented with 20 mm Hepes buffer (pH 7. 1).
Preparation of Mitoplasts. Methods used to subfractionate mitochondria were similar to those of Watrud et al. (26) . However, modification of this subfractionation procedure was necessary to obtain mitoplasts (inner membrane plus matrix) free of outer membrane fragments. The modified procedure is given below.
Percoll gradient-purified mitochondria (10-14 mg of mitochondrial protein) were collected and concentrated by centrifugation (12,000g for 5 min) according to standard procedures (12) . The 12,000g supernatant fraction was discarded, and the pellet was resuspended in a minimal amount (<1.0 ml) of cold 10 mm phosphate buffer (pH 7.2) containing 1 mg/ml BSA. The mitochondrial suspension was slowly diluted with enough 10 mM phosphate buffer to reach a final volume ranging from 6 to 10 ml (approximately 1.5 mg/ml mitochondrial protein) and homogenized for 10 min in a Brinkman polytron2 (300 rotating strokes/min). The Solubilization and Separation of NAD(P)H Dehydrogenases. NAD(P)H dehydrogenases were solubilized and separated from cauliflower mitochondria as described below. Washed mitochondrial pellets were suspended to give a final protein concentration of 8 mg/ml in 10 mm Hepes buffer (pH 7.1) containing 5 mM mercaptoethanol. Triton X-100 was added to give a final concentration of 0.4%, and the sample was stirred for 15 min at 4C. Following incubauon with Triton X-100, the sample was centrifuged for 15 min at 36,600g. Solid (NH4kSO was added to the supernatant fraction to 30% saturation at 4C. The supernatant fraction was overlayed with 2 ml of 10 mM Hepes buffer (pH 7.1), which had 5 mM mercaptoethanol and centrifuged for 5 min at 18,000g. The yellow band that appeared at the interface of the two layers had succinate dehydrogenase activity (3) and was discarded. Solid (NH4kSO4 was added to the remaining supernatant fraction to give a final concentration of 55% saturation, and then it was stirred for 5 min. The supernatant fraction was overlayed with 2 ml of 10 mM Hepes buffer (pH 7.1), containing 5 mM mercaptoethanol and centrifuged for 5 min at 18,000g. The tan band, that either appeared at the interface or as a pellet, was removed (with 3 ml of 10 mM Hepes buffer [pH 7 .1], containing 5 mm mercaptoethanol, in the case of a pellet) and diluted with 5 mM Hepes buffer (pH 7.1) that contained 200 mM KCI and 5 mm mercaptoethanol (running buffer) to give a 4-mg/ml protein concentration. The diluted solution, which had high levels of NADH and NADPH ferricyanide reductase activity, was applied to a Sepharose G-200 column (110 cm x 3 cm) and eluted with running buffer. Two unique dehydrogenase fractions were eluted from the column. The first was eluted in the void volume (162 ml as determined by blue dextran) while the second dehydrogenase fraction was eluted at approximately 345 ml.
Assay Methods. NADH-ferricyanide reductase. To each of two 3-ml cuvettes was added 1 mM ferricyanide (100 id), approximately 50 ,g of enzyme (50 ,g protein), and 1.85 ml of 5 mM Hepes buffer (pH 7.1). The reaction was initiated by adding NADH or NADPH (0.185 mM), and the absorbance decrease was monitored at 412 nm for 2 min.
To assay menadione and duroquinone reductase activity, substrate (NADH, NADPH) was incubated with menadione (0.4 mM) or duroquinone (0.2 mM) for 8 min at 25C. The reaction was initiated by adding the enzyme (50 Mg protein) and absorbance decrease was monitored at 340 nm for 2 min. The ubiquinone-2 analog, N-decyl ubiquinone, was prepared in ethanol (150 mM) and 1 to 5 Al was added to a l-ml reaction mixture that had 0.185 mm NAD(P)H, 15 to 40 Ml phospholipid suspension (for preparation, see [7] ), and 5 mm Hepes buffer (pH 8.0) to give a final volume of 1 ml. The reaction was initiated by adding enzyme, and absorbance decrease was monitored at 340 nm.
Polypeptide Composition. Separation of NAD(P)H dehydrogenase polypeptides by SDS-polyacrylamide gel electrophoresis was conducted as described by Burke et al. (3) .
Protein Determination. Protein content was measured by the method of Lowry et al. (15) with BSA standards. The Triton X-100 in the enzyme solution precipitated with the Folin phenol reagent. To clarify the sample mixture, SDS was added at a concentration of 0.05% without interference with color development.
EPR Spectral Analysis. EPR spectra were recorded with a Varian E-9 spectrometer, equipped with an Air products variable temperature cryostat.
RESULTS AND DISCUSSION Mitoplast Preparation and Purification. Results of marker enzyme assays of the gradient pellet are shown in Figure 1 . The presence of antimycin A-sensitive NADH-Cyt c reductase activity associated with the gradient pellet indicated that this fraction had a substantial quantity of inner membranes (Fig. IA) . This was confirmed by the coprecipitation ofsuccinate-Cyt c reductase activity with the antimycin A-sensitive NADH-Cyt c reductase activity (Fig. IB) . The relative sensitivity of the NADH-Cyt c reductase assay to antimycin A (90 to 95%) revealed that this fraction was almost free of outer membrane contaminants. Further, the association of malate dehydrogenase (Fig. IC) with the inner membrane fraction indicated that inner membranes remained intact during isolation, thereby retaining matrix enzyme activity. Previous investigation (13) Solubilizing and Separating NAD(P)H Dehydrogenases from Mitochondrial Membranes. The membrane solubilization and the subsequent separation of two active NAD(P)H dehydrogenase fractions employed Triton X-100 fractionation, (NH4)2S04 precipitation, and gel filtration chromatography. The G-200 column elution profile for intact mitochondria is charted in Figure 2 . The procedure yielded two unique NAD(P)H dehydrogenase fractions. The first (dehydrogenase-1), eluting with the void volume (fractions 12-18), was specific for NADH, and the second (dehydrogenase-2, fractions 48-58) oxidized NADH and NADPH. Separation of the two dehydrogenase fractions by gel filtration chromatography required the presence of salt (200 mm KCI). In the absence of KCG, the two forms were eluted at the void volume with considerable cross-contamination.
Because of the reported existence of a NADH dehydrogenase on the outer membrane of cauliflower mitochondria (20) , mitoplasts (inner membrane plus matrix), free of outer membrane contaminates, were isolated and fractionated as previously described. The column elution profile of fractionated mitoplasts is presented in Figure 3 . The elution profile of fractionated mitoplasts parallels that of intact mitochondria, indicating that both dehydrogenase-1 and dehydrogenase-2 were associated with the inner mitochondrial membrane. Further, the purity of the mitoplast preparation negates the possibility that either dehydrogenase is the result of ER or microsomal contamination. Characterizing NAD(P)H Dehydrogenases. Electron acceptor characteristics of NADH dehydrogenase-1, and NAD(P)H dehydrogenase-2 are given in Table I . NADH dehydrogenase-I reacted rapidly with the artificial dye ferricyanide while slowly reducing menadione (vitamin K3), duroquinone, and N-decyl ubiquinone. Cyt c was reduced slowly owing to either minimal complex III contamination or to a small amount ofautoxidation of the dehydrogenase. Moreover, ferricyanide reduction was insensitive to rotenone and other site I inhibitors. Isolated mammalian mitochondrial complex I reacted rapidly with only ferricyanide and ubiquinones (7) . Complex I reduction of ubiquinone-l and -2, but not ferricyanide, was inhibited by rotenone, piericidin A, and amytal (7). The inability of NADH dehydrogenase-1 to reduce the ubiquinone-2 analog was caused by the marked sensitivity of quinone reduction to nonionic detergents (24) , such as Triton X-100 which was used in the present study.
NAD(P)H dehydrogenase-2 rapidly reduced ferricyanide, menadione, and duroquinone. The N-decyl ubiquinone analog was slowly reduced because of Triton X-100 sensitivity. Ragan (23) The effect of storage temperature on the stability of the two dehydrogenases is shown in Figure 4 . Within 5 min at 40°C, dehydrogenase-l lost 68% of its initial activity. In contrast, dehydrogenase-2 was stable for extended periods (1 h) at 40°C. Dehydrogenase-l also lost its activity with repeated freezing and thawing, while dehydrogenase-2 remained active. Thus, care must be taken to store dehydrogenase-l properly. Once thawed, dehydrogenase-l should neither be refrozen nor kept more than 3 d at 4°C. Similar precautions are not needed with dehydrogenase-2, since this fraction is markedly temperature stable.
NAD(P)H DEHYDROGENASES OF CAULIFLOWER MITOCHONDRIA
The pH profile from NADH dehydrogenase-l and -2 is charted in Figure 5 . NADH dehydrogenase-l had marked sensitivity to pH values near 6.0, with a pH optimum that ranged from 7.2 to 8.0. NAD(P)H dehydrogenase-2 had a broad pH optimum (6.0 to 7.8) for NADH and NADPH oxidation (measured as ferricyanide reduction). Conversely, exogenous NADPH oxidation (measured as 02 uptake) by intact plant mitochondria showed a marked inhibition at aLkaline pH values (1, 17, 19) . Sensitivity of NAD(P)H oxidation at high pH has been attributed to a screening of fixed negative charges on the inner membrane (18) .
Moreover, Moller and Palmer (18) suggested that this screening of fixed negative charges (at acidic pH or high cation concentrations) caused a change in the conformation ofthe mitochondrial inner membrane, which led to a change in the rate-limiting step of NAD(P)H oxidation. The rate-limiting step was proposed to be at or beyond the point of ubiquinone. If aLkaline pH values alter the kinetics ofthis rate-limiting step, then a similar effect is unlikely to be observed with the isolated dehydrogenase. Further, calcium (concentrations to 1 mM) failed to stimulate NADH or NADPH oxidation by dehydrogenase-2 supporting the tenet that the rate limiting step is beyond the dehydrogenase.
Dehydrogenase-l was sensitive to low concentrations of CMS (Fig. 6 ). Ruzicka and Crane (24) showed that several sulfhydryl groups within complex 1 had marked sensitivity to the sulfhiydryl reagent CMB. The oxidation of NADH and NADPH by dehydrogenase-2 showed similar patterns of CMS inhibition but was less sensitive than dehydrogenase-1. The oxidation of both substrates was inhibited when CMS was added to dehydrogenase-2 before the substrate. When the dehydrogenase fraction was preincubated with substrate, it was largely protected from CMS inhibition. Substrate protection has been characterized for the exogenous NADH dehydrogenase of turnip mitochondria (4) . The mechanism of protection was via substrate binding to the dehy- (11) . Whether the affinity of dehydrogenase-l is altered by salts has not been determined. Since plant mitochondria accumulate K+ salts in their matrix at concentrations of 100 mm (6) , salt-stimulation of a membrane-bound dehydrogenase is understandable.
A SDS-PAGE densitometric tracing of the polypeptide banding patterns of the two dehydrogenases is shown in Figure 8 . Dehydrogenase-l contained two major polypeptides with mol wt of 57,600 and 32,000 D. Dehydrogenase-2 contained five major polypeptides with mol wt of 94,000, 92,000, 56,100, 47,100, and 39,000 D. Minor polypeptides were detectable in both dehydrogenase fractions.
Preliminary EPR spectral analysis indicated the presence of iron-sulfur centers associated with dehydrogenase-l (data not shown). Further studies are necessary to determine whether these centers are similar to those previously reported for complex I of animal mitochondria (7 
